While it is well established that cortical morphology differs in relation to a variety of 13 inter-individual factors, it is often characterized using estimates of volume, thickness, 14 surface area, or gyrification. Here I developed a computational approach for estimating 15 sulcal width and depth that relies on cortical surface reconstructions output by 16 FreeSurfer. While other approaches for estimating sulcal morphology exist, studies 17 often are require the use of multiple brain morphology programs that have been 18 shown to differ in their approaches to localize sulcal landmarks, yielding 19 morphological estimates based on inconsistent boundaries. To demonstrate the 20 approach, sulcal morphology was estimated in three large sample of adults across the 21 lifespan, in relation to aging. A fourth sample is additionally used to estimate 22 test-retest reliability of the approach. This toolbox is now made freely available as 23 supplemental to this paper: https://cmadan.github.io/calcSulc/. 24 25 26 cerebral sulci 27 SULCAL MORPHOLOGY 3 Extending FreeSurfer to estimate sulcal morphology 28 1 Introduction 29 Cortical structure differs between individuals. It is well known that cortical thickness 30 105 contiguous edge-loop that encircle the sulci region (calcSulc_getEdgeLoop). This 106 provided an exhaustive list of all vertices that were mid-way between the peak of the 107 respective adjacent gyri and depth of the sulci itself. For each vertex in this edge-loop, 108 the nearest point in 3D space that was not neighbouring in the loop was determined, 109 with the goal of finding the nearest vertex in the edge that was on the opposite side of 110 the sulci-i.e., a line between these two vertices would 'bridge' across the sulcus. Since 111 these nearest vertices in the edge loop are not necessarily the nearest vertex along the 112 opposite sulcus wall, an exhaustive search (walk) was performed, moving up to a 4 113 edges from the initially determined nearest vertex (defined by 114 options.setWidthWalk). The sulci width was then taken as the median of these 115 distances that bridged across the sulci. 116 The depth of each sulci (calcSulc_depth) additionally used the FreeSurfer 117 sulcal maps (?h.sulc) to determine the relative inflections in the surface mesh, which 118 would be in alignment with the gyral crown. The deepest points of the sulcus, i.e., the 119 sulcal fundus, were taken as the 100 vertices within the sulcus with the lowest values 120 in the sulcal map. For these 100 vertices, the shortest distance to the smoothed 121 gyrification surface was calculated, and the median of these was then taken as the 122 sulcal depth.
70 Thompson et al., 1996; Vaillant & Davatzikos, 1997; Yun et al., 2013) , ultimately these 71 all are again using different landmarks than FreeSurfer uses for cortical parcellations 72 (i.e., volume, thickness, surface area, gyrification). Note that, though FreeSurfer itself 73 does compute sulcal maps, these are computed as normalized depths, not in real-world 74 units (e.g. Kippenhan et al., 2005) , furthermore, these are also independent of sulcal 75 width information. 76 Here I describe a procedure for estimating sulcal morphology and report 77 age-related differences in sulcal width and depth using three large samples of adults 78 across the lifespan: two of these datasets are from Western samples, Dallas Lifespan 79 Brain Study (DLBS) and Open Access Series of Imaging Studies (OASIS), as well as 80 well as one East Asian sample, Southwest University Adult Lifespan (SALD), as 81 potential differences between populations have been relatively understudied (Leong et 82 al., 2017; Madan, 2017) . To further validate the method, test-retest reliability was also 83 assessed using a sample of young adults who were scanned ten times within the span 84 of a month (Chen et al., 2015; Madan & Kensinger, 2017b) . All four of these datasets are 85 open-access and have sufficient sample sizes to be suitable for brain morphology 86 research (Madan, 2017) . This procedure has been implemented as a MATLAB toolbox 87 that serves as an extension to FreeSurfer, calcSulc, that calculates sulcal 88 morphology-both width and depth-using files generated as part of the standard 89 FreeSurfer cortical reconstruction and parcellation pipeline. This toolbox is now made 90 freely available as supplemental to this paper: 
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Using this, the faces associated with the individual sulci were isolated as a 3D mesh 101 (calcSulc_isolate).
102
The width of each sulci (calcSulc_width) was calculated by determining 103 which vertices lay on the boundary of the sulci and another region. An iterative 104 procedure was then used to determine the 'chain' of edges that would form a participants in this dataset were excluded a priori. T1 volumes were acquired using a 168 1 Note that analyses reported in these previous papers were based on preprocessing in FreeSurfer 5.3.0, rather than FreeSurfer 6.0.
Siemens Trio 3 T with a MPRAGE sequence. Scan parameters were: TR=1.9 s; 169 TE=2.52 ms; flip angle=9 • ; voxel size=1×1×1 mm. 
Test-retest reliability
Test-retest reliability was assessed as intraclass 210 correlation coefficient (ICC), which can be used to quantify the relationship between 211 multiple measurements (Asendorpf & Wallbott, 1979; Bartko, 1966; Chen et al., 2018; 212 Hallgren, 2012; Koo & Li, 2016; Madan & Kensinger, 2017b; Rajaratnam, 1960; Shrout & 213 Fleiss, 1979) . McGraw and Wong (1996) provide a comprehensive review of the various 214 ICC formulas and their applicability to different research questions. ICC was 215 calculated as the one-way random effects model for the consistency of single 216 measurements, i.e., ICC(1, 1) . As a general guideline, ICC values between .75 and 217 1.00 are considered 'excellent,' .60-.74 is 'good,' .40-.59 is 'fair,' and below .40 is 'poor' 218 (Cicchetti, 1994) . Age-related relationships for each sulci were relatively consistent between the 228 two Western lifespan datasets (OASIS and DLBS), but age-related differences in sulcal 229 width (but not depth) were markedly weaker in the East Asian lifespan dataset (SALD).
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This finding will need to be studied further, but may be related to gross differences in 231 anatomical structure (Kochunov et al., 2003; Tang et al., 2010) . Importantly, test-retest 232 reliability, ICC(1, 1), was particularly good for the sulcal depth across individual sulci. Table 2 Correlations between sulcal depth and age for each sulci and hemisphere, for each of the three lifespan datasets examined. Test-retest reliability , ICC(1, 1) , is also included from the CCBD dataset. † FreeSurfer labels in version 6.0; labels are named slightly different in version 5.3. 
